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SINGLE- AND DC) UELE-CHARGE EXCHANGE
AT LOW PION ENERGIES J

HELhf UT W. BAER
Los Alamoa National Laboratoq

Los Alamos, NM 875~5, USA

ABSTRACT
A review is given of pion single and double-charge exchange reactions at

incident energi~ of 25 to 65 MeV leading to isobaric analog states, and in the
case of double-chxrge exchange leading to the ground state of the residual nucleus.

The crucial role of the higher nuclear transparency at low pion energies for the
analysis of the data in terms of single and double scattering ia demonstrated. The
large ●ffects on doubl-charge ●xchange produced by the spatial correlations in
nuclear wave functions are ●violent. The data on lf7/2nuclei at 35 MeV are USA
to estatdish the general validity of a shell-model-baaed tw-amplitude model for
these trarmitiona. Recent measurements of the energi dependence between 25 acd
65 MeV of doubkcharge exchange cross sections at forward angles are presented
and di~utwd.

1. Introduction

There has been some fairly nice progress in the last few years in understand-
ing the role played by twe-nucleon (2-N) correlations in low-energy double-charge
exchange scattering (DCX), Underlying this success is the relatively weak r-JV

coupling at low energies. Evidence for this weak coupling comes from single chargc-
exchange (SCX) data on tr-sitione to isobaric-nnalog states ( IAS). At low energies
the cross sect ions for these states reflect direct 1y the energy ch=pmm-hmceof the
free T-N charge exchange cross sections. For DCX reactions, the high pion pen-
~tration at low energies produces a lmge role for 2-N correlations in the ~louble
stuttering process. Particularly informative hnve been the transition leading to
(Iouble-isobaric arialog states (DIAS) and to the ground states (GS) for nuclenr tnr-
gets with T ~ 2. Analyeis of the comiderahle body of dnta on 1f7/2Hid nurlci nt
low pion energia shows rather convincingly that the qmtinl correlations implicit in

slwll-model wave functions play a major role in dmping DC.X mom wvtions. Whrtt,
is ncw in the low-energy studies is the chuity with which thr two-tmdy cmrrlntiom
nrc probed.



2. Sol~le Features of m-.!V Charge Exchange Scattering

It is tlllite helpful to the understanding of the nuclear cha;qe exchange scat-
tt,rir~g to take note of the behavior of the iree T-.V charge exch; .nge rross section.

Figure I sl~otvs the energy dependence of the O“ cross section for tht” ~–p + ~“n

rrartion fh)[n 0–1000 LfeV. Below 200 !tIeV this cross section is seen to I)e sharply
f~ner,qy (lepelldent, and near 50 hleV the cross see:; on nearly vanishes. By \vay of

l~review, it is interesting to note that at 50 hleV in !3CX reactions the DI.+S and

GS cross sections reach their maximum values. It w-iii be interesting to compare tlw

~hape of the curve in Fig. 1 with that for SC.X and DC.X in nuclei. SC.S is a single
scattering process (certainly at low energies) and thus might he expected to folltnv
tht’ r-.V curve. DCX is a double scattering process and it may hare a [iifferent

ctlr~-e, In fact, it is totally different, as we shaU see.
Figure 2 shows T-N angular distributions at 50, 1S0, and 425 LIeV. At 50 lleV

tllr rross sections me backward peaked due to the s-p wave interference, .At energies
al)ove 100 kIeV the cross sections have a forward peak. These features play an

inll]ortant role in determining the features of nuclear SCX and DC.K cross sections.

+&-& ~ -&- I
I(W

t
77-p -7r0n I

f31- 4

@,,m,(dog)



3. IPA SCX Scattering

Figure 3 shows the meaau.red3 0° 1.4S cross section for “C. The solid curve
is the ~-.~ cross section multiplied by 2. ll~e see that this ruive tracks closely the

nleas[lrccl 14C cross sections up to about 80 MeV. At higher energies the nuclcnr

cross sect ions fall well below (N – Z) - rY(m.V) cross sections. The theretical curve
Ily I{aufmann et al, a describes well the data up to 300 X1eV. U’e conclude from the

‘ ‘C [Iata that at low nion energies nuclear SC,X is a single scattering process that.
is not too disturbed by medium effects. At higher energies medium effects suppress
t!le nuclear cross section. These data lend support to the use of the single scattering

approximation in theoretical calculations.

Figure 4 shows the measured’ 0° cross sections fm nuclei from 7Li to ‘20Sn.

The rurves represent polynomial functions fit to the data to locate the positions of
the minima. One can see that the sharp dip structure of the elementary T-,V cross
srction is preserved in the nuclear scattering in nuclei as heavy as .4 = 1?0.

FiE d The tmwnurml 0° rkri~alitlfl hllld IOII-



-1. DCX Reaction Mechanisms

Given that forward-angle 1.4S cross sections appear rO he clcscribable in terms
()f a single scat tenng on valence nucleons, it is of interest to see if l)CX reactions arc

\vt*ll(h-scribed in terms of a double scattering process. If one examines the theorcti -

C;I1Iitrrature for the past 20 years, one finds that a simple double scattering pictllre

has not always been assumed. Figure 5 illustrates some DC.X mechanisms t il~t

Ilavc been studied: 6-quark bags,5’o delta interactions,7 and meson-exchange cur-
rent rharge exchange. ‘Ig The latter two are discussed at this W’orkshop by Johnson

anfl Kolt Iln. Also illustrated in Fig. 5 is the sequential double scattering procrss,
tvllicll at low energies is a dominant part of the DCX scattering amplitude. There

am two sequentird scattering amplitudes, one proceeding through the IAS, the other
going through nonanalog intermediate states.
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5. Role of 2-N Correlations in
DIAS Transitions on 2’= 1
Nuclei at 50 .Jle”V

The prototype 2’ = 1 transition is
t]lat of 11C, \vhich has been measured

most completely, 10 and which has been

the sllbject of numerous theoretical in-
vestigations. Figure 6 shows the SCX
and DC.S data on 14C and the the-
oretical calculations of Bleszynski and

Glauber. lZ The displayed curves were
calc~llated using single- and sequential-
dmlble scattering pictures, respectively,

v;ith the Cohen and Kurath wave

f~mctim113 for the GS of 14C. Clearly,
very good descriptions of both the
1.4S and DIAS transitions are obtained.
.Also, a relatively minor role of distor-
tions is indicated. 12

Figure 7 shows how important the
geometric correlations in shell- n~odel
wmv functions are in producing the

f[n-ward-angle maximum in the DIAS
rxmss sect,ions. The nuclear structure in-
volved in the calculation of DIAS cross
sw-t ion is the pairwise twmbody correla-
tion function for an arbitrary pair of m-

lencr neutrons. Following Ref. 12, this
nmy be written a9

%D,(*)

14C for the lAS transition~Fig. 6. The data on
and the IJIA.S transition 11 are compared to Ihe
calculations of Ref. 12,

p(2)(FI,F2)= p(rl)p(rz) +CN-Z(il, FZ) ,

whrrr t,lw first term on the right hand side rt=prwwnts indepencknt unmrrchttwl
Imrtirl(’ motion, and the second term represcr~ts the 2-N corrrlat ions. For two
nllrhvmq in ? = 1 orbits, it is possible to write the two-pnrticle [Irnsity function in
tilt” fol’111

JJ)(F,,;J = Np(rl)p(r~){u+ h(-OH281Z} ,

wlIfwI .V is n Ilortnalization cortstant, l’he vnlll(w of a nn(l h (Icpell[l oil tlw nswlulw!
CS wnvr f[mrticm, ,The Cohen- Kurath wave function for “C yi~hls VdIIm’4 (a, h ) =

(0, 393, 1.S1S). Thti curve in Fig, 7 labeled “n)rrrhttml nlumhwns” f(dlow~ from tIWW

I-N IINW;thr clmvr Inbt+x.! “independent nuclrtNIs” f(dhnm frtml (a, b) = ( 1, O).



The extreme sensitivity to values of a and b is illustrated in Fig. S. taken from
Ref. 13. The calculation with (a, b) = (O, 1) gives a very forward-peaked diffraction-

lilie ongular distribution shape; whereas the calculation with (a, h) = (1, O) gives a

forwud-clepressed, featureless, mqq.dar distribution. Thus. the geometric features of
the two-lmdy density functions play a major role in shaping the DC-S cross sections.
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Fig. 7, The calculations of Ref. 12 compmred to

Ihi DIAS data on “C from Ref. 11. The two
c ilrves demonstrate the importmce of including
2- ,V correlations in the vslel,ce nucleona. The
corrclatio, !s rault from the Cohen snd Kurnth
wave function 13 for the 14C ground atate.

I

Fig. 8. Calculations of Gibk ●t S1.’s illustrat-

ing the large effecte that 2. ,V correlations have
on DIAS cross aectiom. The coef%ciente a and
b are defined in the text.

6. A-Dependence of DIAS Cross Sections

There now exist measurements of fommrd anjcle DIAS cross sections at 50 Y1eV
on the T = 1 nuclei “C,11 1*0,’4 ‘“Mg,le “S,i7-and 42Ca.la Figure 9 shows that
tlWSC DCX cross sections at 50 MeV at 0“ are large and nearly indepmdcnt of .-l
f{~rll\lrlei from 14C to 42Ca. The nem constancy of T = 1 cros~ sections wmild srem
to illflicat,r that the effect of distortions is rither small, as suggested in Ref. 1?, or
w(vtkly .4-( [epencknt over this mass region. Furthermore, the 2-N t-mrelations in
tlw vnlence pnir of nucleons would seem to be nearly the same in these T = 1 nuclei.

TIM “iCn cross section, also shown in Fig. 9, is about nalf of the T = 1 nuclri.
This (Intum wns the tell-tale clue on the importtint role of 2-iV correlations. M
{Iiscluwc(l i]rlow. The 50-MeV data are in sharp rent rnst to the 1SO.\lcV (Int.rt,



~vhich fall off with the .-l-de pendence of
.4- 1~/3. This behavi.ar is characteristic

of dou ble-i~rward angle charge-exchange

scattering on ‘dence nucleons located
(m the nuclear surface. 19 The 44Ca cross

section at 180 >IexJ, when divided by the

pair factor of 6, falls right on this line.

Thus, the data at 180 hIeV do not re-
veal the 2-N correlation effect. We at-
tribute this to the low nuclear penetra-

tion at this energy.

7. Results and Analysis of the
35-MeV 131AS Data on the

Ca Isotopes

The Ca isotopes have yielded the

most direct evidence on the large effect
of ?-N correlations on low-energy DCX

cross sections. The DIAS and GS trmsi-

tions involve mainly lJ7/2 neutrons con-
\-erted to protons. The comparison of
ratios of cross sections across the isotope

chain gives an unusually good evaluation
of theoretical calculations.

Figure 10 shows the level schemes
fclr 4Z’~4~4aC!au relevmt for the IAS,

DIAS, and GS transitions. Across the
isotope chain the f31AS haa approxi-

mately the same Q-value of —12.4 .MeV.

In 4ATi the DIAS is at 9.4 MeV ex-
citation. In ~eTi it is at 17.4 MeV
excitntion,zo At low pion energies ther~

exist data on the i)IAS and GS transi-
tions but not, unfortunately, on the IAS

transitions.
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Fig. 9, Forward-angle DIAS cross sections at

50 MeV and at 180 hleV for nuclei “C, 180

Zehlg, 34s, 42Ca, and 44Ca. The 44Ca crow

section at 180 MeV follows the general pattern

of “black disk” scattering. At 50 kle V the 44f7a
cro~ section io quite “anomalous, ” Its small
value is now understood to be due to 2-,V cor-

relations, ss discussed in the t~xt. Data refer-
ences are given in the text,

Analyw ~ of the 35-MeV DIAS datazl were performed by Bleszynski et d.’1

fnnd by Aucrbach et al.24 These have yielded good overall hgreemrnt with cross
srction ratios at foxward angles. Also, some !illccrsq in describing angular distri-

hut Ion shapes is achieved. Figure 11 shows t!w ‘1ZIJ8CAdata cmnprwed with tlw

1(“a collations of Ref. 23, The very different sl]apes of the two Anglllar (listril>llti(]n~
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i; reproduced. The fact that 42Ca and ~8Ca have the same cross section at forwarcl

angles, but different angular distribution shapes. follo~vs directly from the 2-.Y cor-

relations invoived. 23 Figure 12 shows the separation densities for a pair of neutrons

in lz,44~8Ca, as cticulated in Ref. 23. One sees that the probability r-iffinding the

two neutrons in ‘2Ca close together (r12 = 0) is much larger than in 48Ca or 4’Ca.

This leads to a much larger cross section per pair for ‘2Ca than for ~8Ca. .4s shown
in Ref. 23, the DCX reaction derives its strength primarily from two closely’ spaced

nucleons.

8. Evaluation of the AGGK Model on lt7/2 Shell Nuclei

The “anomalous” cross section ratios on the Ca isotopes led to a more gen-
eralized formulation of the DCX transition amplitude first by Auerbach et al.,25

followed by a generalized version by .4uerbach et al.zd ( .4GGK). This model is
known ti the 2-amplitucle O-seniority model for DIAS and GS transitions. In the

.+GGK formulation, two amplitudes, denoted by A and B, describe all DI.4S and

GS transitions involving neutrons and protons in a single shell. .4 detailed evalu-
ation of this model is given in Ref. 21 for the 35-hIeV data m 42’q4’q8Ca. ‘G’sOTi,
and 54Fe In general, there is good agreement between the model values, with fit

values of A, II, and cos 8, and the experimental values. The fit values of .4 and B

have the ratio A/13 = 3.6+ 0.8at 25°. This value compares well with the calculated
value of Gibbs et al., shown in Fig. 13. Also, Johnson reports a value of .-t/B at

this Workshcp, which is close to the empirical value.

t

Fig. 12. Separation densities Psep (F, - ~21)
for n pair of valence neutrons in Ca MOtopes, a9
given in Ref. 23.
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If, hnmll
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Fig. 13. Theoretical value of the ratio lA[/[B[
M a function of pion energy. The xattering am-
plitud= were calculated according to the model
of Ref. 24 Tile data point at 35 Nlev comes
from Ref 2 I.



9. Energy Dependence of DCX Cross Sections

Figure 14 shows the energy dependence oft he for~vard-angle DI.+S cross section
between O and 500 .MeV for lqC, leO. 42Ca One sees that, except for2GMg, and .
1‘C the largest DIAS cross ~ections are found around 50 31e\~. It is interesting1

to compare the curves in Fig. 14 with the basic charge exchange curve shown in
Fig. 1. The curves are totally different and seem unrelated. The DCX cross sections
are very small at resmmnce energies where the T-.Y cross sections peak. At higher

energies the DIA ross sections at forward angles are relatively large. In contrast.

the cross sect ions t’~ nonanalog states become very small at the higher energies. .+t

low energies, where the DCX cross section is very small, the DI.+S and GS cross
sections are at a maximum.

Figure 15 shov a the DIAS cross sections for ‘2Ca and ‘DCa and the GS cross

sect ion for 48Ca. All these cross sections are seen to have maximum dues around

0“/5m DlAS T=l

‘“~~

T“- (Mov)

Fig. 14. The rn?umed energy dependence of
forward-angle DIAS crcmssections for four T =
I ll~lclei. The did lines ●re drawn to guide the
~’ye.

T‘AD(MoV)

Fig. IS. Energy dependence of DIAS km] {;S
cro.- sections at 0°/50 for Ca isotopes. .Nole
thnt the largest cro.sa ~tions are found nt a

Pioll energy near 40 hleV,



40 MeV. .At resonance energies all measured GS rross sections drop to a fmv tenths

of a yb/sr or less. At higher energies they drop IMlow 0.3 p 1“1/sr,and have beccmw
difficult to measure.

The sharp energy dependence of the DI.W3 and GS cross sections in the intmval
50 to 100 MeV is ql’ite remarkable, and has produced a lot of surprises while taking
tlata. A small change in beam energy can produce a qualitative change in the
appearance of the spectra. This is illustrated in Figs. 16( a-f) for 14Ca. Spectra

measured ai. beam energies from 35 to 400 Me%’ are shown. .4t energies near 40 \leV

both the 121.4S and GS are visible [Figs. 16(a) and (b)]. .4t 65 \leV the DI.4S is
not visible, although the ground state is quite evident [Fig. 16(c)]; the same is true
at 140 hfeV [Fig. 16(d)]. At 1S0 MeV both states am again visible, and both have
quite small cross sections. At 260 MeV [Fig. 16(cl)], ?92 Y1eV [Fig. 16(e)], and at
400 MeV [Fig. 16(f)] the DI.4S stands out clearly in the spectra. At these energies
there is no trace of the GS. The features illustrated here for ‘~Ca hold true gene. ally

for the T >2 nuclei. This means that the study of GS transitions is best perfonneil
at beam energies near 50 MeV.

In the past few years we have made detailed measurements on the energy
dependence at low energies of the DIAS and GS transitions on the Ca isotopes.

Figure 17 shows these measurements. ao What wc see is a re~onance- like shape for

both cross sections with a peak near 40 MeV. At or near this energy thr thw-mticnl
analysis in terms of a sequential scattering with closure on intermediate states }]as
been quite successful.

The observed mergy dependence for the Ca isotopes was not anticipated the-
oretically. Calcula q were performed by Gibbs and I{aufmannll in parallel wii h

the measurements. k ,6~re 18 shows representative cidculntions. They show m in-

crease of DIAS cross sections at low energies for ‘+‘s8Ca and a nearly flat cross
section between 20 and 50 .MeV for 42Ca. These predictions are in strong contra-
diction wit h the data shown in Fig. 17. These cnlrulaticms used the AGG K mmlel,
which assumes closure on intermediate states. with a fixed Pnergy for thv intmmr(li-

ate state. The energy dependence of A tind D arr shown separately in Fig, 1!3. Frmn
these, one can understand the predicted rnergy ,Ivprmlrnce of the cross smtirms.

The relative weighings of the A and f? trrms in tIlr craw wrt.icms nr~ giw=n I>y

11.4 + f?lz, 61A + B/912, md 281A – f3/71z f(r ‘JCn. ‘t4Cn, and ‘HC’}l,rrslmtivoly.

Tlms, the decrease of the B term at thr Iowm cnvrgirs nnd the rkr (If t Iw .-i trrnl
nt the lower energies leads to m irdmwwe in tlw Imx Iict,rd ~A’’l~CnCr(ws w“rtions.

Thr closure approximate ion hns IXIPI1 (Itmt iolw(l rcrcnt.ly l)y 13hwzyt]~ki nml
‘Jr’[l ill wllif’]1 t,llry (’xl)licitly itlclll(lmlGlnubcr.12 In some modt:l calculations for ,

intermediate wntrs nt diffment mwrgirs, tlwy fflllll(l ttw rnh.lllntr(l rr(w srrtit)lls
to filll Off mt the 10Walt rmrrgirs. This rmlllt w(~llltl swvn to ili(licntr t.hnt n lll(~rr

rmdistir trrntment 01 intcrmc[limtr stntrs is Iwwl(vl to tlrsrrilw tIN”f)lwrvwl mwxgy

(Irlxw(lmwc at low cmrr~i s.
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follow approximately the shape of IBlz, Also, ttwmmsuwd DIAS rrom section~”. .
42C’~ ‘follows the IlJ12 ●rwrgy depmdence.,or

.+nother source of energy dependence in the DIAS moss wrtiona at low mergirs

14C nt mrrgim 1()hrts hwm proposed by Siciliano et al, 33 In rnoclrl cnlcldnt ions for
to 110 ikleV they show that plane-wav~ calculations are m-msi(lernhly rnoditircl hy
(Iistortiona. In particular, tley suggest that distortions will (lm-re~q~th~ DIAS mow
ww-tions below about 60 MeV. Further studies of this rfft=ctare suggrstrd.

10. Summary and Conclusions

At low pion cnergieO:
(1)

(’))

(3)

(4)

(5)
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